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A fundamental organizational principle of nervous system 
wiring is that the projections of neurons from one region 
of the nervous system to another are usually organized 
topographically: axons of neighboring neurons project to 
neighboring areas in the target region, thus maintaining 
their spatial order. Nowhere is this more evident than in 
the visual system, where the map of visual space that 
forms on the retina is reiterated as a topographic map at 
succeeding areas concerned with higher levels of visual 
processing (Figure 1). 
For a group of axons reaching their target field during 
embryonic development, the establishment of a topo- 
graphic map is a daunting task: the incoming axons-- 
which number in the hundreds of thousands in some pro- 
jections-must each connect with an appropriate set of 
target cells to form a smooth and continuous map. Accord- 
ingly, the establishment of a topographic map is a pro- 
tracted process, involving first the generation of a coarse 
map followed by a refinement of the initial pattern of con- 
nections. This refinement appears to be driven partly by 
mechanisms that enable neighboring neurons to make 
use of their correlated patterns of electrical activity to rein- 
force neighborhood relations among their axon terminals 
(Goodman and Shatz, 1993). In addition, it is thought hat 
target cells display positional abels that help direct initial 
map formation and that could also contribute to subse- 
quent refinement (Sanes, 1993). In no case, however, 
have the positional abels been identified. 
One system in which the interplay between activity- 
dependent and activity-independent mechanisms is well 
studied is the retinotectal system, which has been popular 
owing to its large size and accessibility in nonmammalian 
vertebrates. Visual information from the retina is carried 
to the brain by the axons of retinal ganglion cells, which 
in these species make their major projection to paired 
structures in the midbrain called the optic tecta. The topo- 
graphic projection of these axons onto the tectum creates 
a map of the visual world that is inverted with respect to 
that on the retina (Figure 1). 
Starting with the classic work of R. W. Sperry half a 
century ago, numerous studies have provided evidence 
for the existence of positional cues on the tectum that can 
guide both developing and regenerating retinal axons to 
their topographically appropriate targets (reviewed by Holt 
and Harris, 1993). Sperry postulated the existence of com- 
plementary lock-and-key "chemoaffinity" labels on axons 
and target cells, which he suggested would most likely 
take the form of gradients of signaling molecules at the 
target to "stamp each cell with its appropriate latitude and 
longitude" (Sperry, 1963), and complementary gradients 
of receptors on the axons that could be used to interpret 
this information. Subsequent studies confirmed the exis- 
tence of graded distributions of surface properties in retina 
and tectum along both the dorsoventral and anteroposter- 
ior axes, including gradients of adhesive properties and 
gradients in expression of surface epitopes like the TRAP, 
TOP, and JONES antigens (Holt and Harris, 1993), al- 
though these particular properties have not so far been 
implicated directly in map formation. 
Two papers in this issue of Cell (Drescher et al., 1995; 
Cheng et al., 1995) now implicate ligands for receptor tyro- 
sine kinases of the Eph family as strong candidates for 
positional labels in the retinotectal system. These two pa- 
pers reinforce one another, with one study identifying a 
ligand that has axon repellent activity in vitro and is ex- 
pressed in a gradient, and the other showing complemen- 
tary position-specific gradients in expression and binding 
for a tigand and its receptor. Together, the papers suggest 
that graded spatial distributions of the factors on the tec- 
tum provide positional information that is detected by re- 
ceptor tyrosine kinases on the axons to direct topographic 
map formation. 
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Figure 1. The Projection of Retinal GangiionCellstotheOpticTectum 
Is Topographic 
A map of the visual world on the tectum is inverted with respect o 
that on the retina (A), because axons from dorsal and ventral retina 
project o ventral and dorsal tectum, respectively (B), whereas axons 
from nasal {anterior) and temporal (posterior) etina project o posterior 
and anterior tectum, respectively (C). Figure adapted by T. Serafini 
from an idea by C. N~Jsslein-Volhard. 
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A Posterior Tectum-Derived Repellent for Temporal 
Retinal Axons 
To isolate functionally relevant gradients of positional a- 
bels, Bonhoeffer and colleagues examined whether etinal 
axons are capable of discriminating between tectal cells 
from different regions in vitro. They found that temporal 
(posterior) retinal axons could grow on live cells or cell 
membranes from either anterior or posterior tectum, but 
when given a choice of the two (as in the so-called stripe 
assay; Figure 2A), these axons invariably selected those 
derived from anterior tectum, their normal target region 
(see Stahl et al., 1990, and references therein). Surpris- 
ingly, this preference appeared to be directed not by an 
attractive factor on anterior membranes but rather by a 
repellent factor on posterior membranes, since nonspecific 
treatment of posterior membranes with heat, proteases, or 
phosphatidylinositol-specific phospholipase C (PI-PLC) (to 
release proteins anchored via glycosyl phosphatidylinosi- 
tol [GPI] linkages) all abolished the preference (Figure 2B), 
whereas similar treatments of anterior membranes did not. 
In addition, acute addition of posterior membranes to cul- 
tures of temporal retinal axons caused rapid paralysis, 
collapse, and retraction of the growth cones of temporal 
axons, whereas anterior membranes had much less col- 
lapse-inducing activity. Like the repellent activity, this col- 
lapse-inducing activity was abolished by heat or PI-PLC, 
and both activities copurified during several steps of chro- 
matographic purification, suggesting that they were both 
due to the same GPl-linked factor(s) (reviewed by Stahl 
et al., 1990). 
Drescher et al. (1995) attempted to identify the active 
factor(s) by searching, using two-dimensional gels, for 
GPl-linked molecules that had higher expression in poste- 
rior than in anterior tectum and that were present at the 
A 
developmental stages during which repellent and col- 
lapse-inducing activity could be detected. This led to the 
identification of a single 25 kDa protein, termed RAGS (for 
repulsive axon guidance signal), whose mRNAwas subse- 
quently found to be expressed in a decreasing posterior- 
to-anterior gradient within the tectum. Functional studies 
showed that the approach had paid off, as membrane 
preparations from COS cells expressing recombinant 
RAGS caused collapse of temporal axons and repelled 
the axons in the stripe assay. 
RAGS is therefore likely to mediate at least partly the 
repellent and collapse-inducing activities of posterior tec- 
turn, although other GPl-linked proteins that contribute to 
these activities may exist. One candidate is a 33 kDa pro- 
tein previously identified in chromatographic fractions en- 
riched in collapse-inducing activity (Stahl et al., 1990), but 
which has not yet been characterized at a molecular level. 
In addition, it is likely that posterior tectum contains other 
factors that modulate RAGS activity since recombinant 
RAGS was also found to repel nasal (anterior) retinal ax- 
ons, whereas membranes from posterior tectum do not. 
Interestingly, a human homolog of RAGS called AL-1 
was recently identified (Winslow et al., 1995). A study of 
AL-1 function in cultures of cortical neurons (which ex- 
press an AL-1 receptor) on rnonolayers of astrocytes 
(which express AL-1) showed that both soluble AL-1 and 
a soluble form of the receptor, used as antagonists of AL-1 
function, could inhibit the spontaneous bundling (fascicu- 
lation) of cortical axons that is normally observed in such 
cultures. This result suggested that AL-1 functions actively 
to stimulate axon fasciculation, for example, by up- 
regulating axonal expression of proteins that mediate fas- 
ciculation (Winslow et al., 1995). An alternative interpreta- 
tion, in light of the results of Drescher et al. (1995), is that 
AL-1 functions simply as a repellent signal that makes the 
astrocytes a less attractive substrate than axonal sur- 
faces, encouraging the axons to grow on one another. If 
this interpretation is correct, then these studies indicate 
that the repellent activity of AL-1/RAGS can influence axo- 
nal behavior in a variety of different ways depending on 
the context. 
B 
Figure 2. Temporal Retinal Ganglion Cell Axons Show a Preference 
for Anterior over Posterior Tectal Membranes in the Stripe Assay 
(A) When grown on carpets made of alternating stripes 90 #m wide 
of anterior (A) and posterior (P) tectal membranes, axons projecting 
from pieces of temporal retina (left) grow exclusively on theanterior 
membranes. 
(B) The axons do not show a preference for anterior membranes when 
posterior membranes are pretreated with heat, proteases, or PI-PLC 
(P*), indicating th at he preference isdirected by a G P I-anchored repel- 
lent in posterior membranes. 
The Eph Family 
AL-1/RAGS is a member of a family of ligands for receptor 
tyrosine kinases of the Eph family, the largest known sub- 
family of receptor tyrosine kinases, which comprises over 
a dozen members (reviewed by van der Geer et al., 1994). 
These receptors are characterized by the presence in their 
extracellular domains of a cysteine-rich region and two 
fibronectin-type three repeats. In the past year, ligands 
for these receptors have been identified at a dizzying pace, 
with at least seven ligands (including species homologs) 
identified so far (Figure 3; nine relevant references are 
cited in Drescher et al., 1995, and Cheng et al., 1995; it 
has not been possible in this minireview to refer directly 
to all relevant articles owing to a cap on the number of 
references). These ligands are all membrane-anchored 
via either a GPI linkage or a transmembrane domain, 
which appears to be essential for efficient activation of 
receptors by the ligands (Davis et al., 1994; Winslow et 
al., 1995), probably reflecting a need for aggregation of 
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Figure 3. Ligands for Eph Family Receptors 
Shown is a homology tree for seven Eph family ligands, comparing 
the core regions containing four conserved cysteines. Each branch 
represents a single ligand and its species homologs (see references 
in Drescher et al., 1995; Cheng et al., 1995). Promiscuous interactions 
between these ligands and different Eph family receptors are docu- 
mented by those references and by Brambilla et al. (1995). 
ELF-1 
AL-1 / RAGS 
EHK1-L / LERK-3 
B61 
LERK-4 
HTKL / ELF-2 
LERK-2 / CEK5-L / ELK-L 
ligands that can then promote receptor dimerization-a 
necessary step in receptor tyrosine kinase activation. The 
ligands show homology in their extraceltular domains, and 
there is considerable promiscuity in binding of different 
members of this ligand family to different Eph family recep- 
tors (Figure 3). Prominent expression of mRNAs for many 
of the receptors and ligands has been detected in the de- 
veloping nervous system, and two receptors whose pro- 
tein expression was examined (Nuk and Ehk-l/Rek-7) 
were found in particular to be expressed on developing 
axons (Henkemeyer et al., 1994; Winslow et al., 1995). 
The Eph Family and Retinotectal  Specif ic i ty 
Flanagan and colleagues (Cheng et al., 1995) have inde- 
pendently implicated the Eph family in topographic map 
formation by discovering complementary graded expres- 
sion patterns of a receptor-ligand pair. Cheng et al. 
showed that mRNA for the ligand ELF-1 is expressed in 
a smooth decreasing posterior-to-anterior gradient in the 
chick tecturn, similar to RAGS mRNA. Even more sugges- 
tive, mRNA for an ELF-1 receptor, Mek4, is expressed in 
retinal ganglion cells in a countergradient, being highest 
in temporal retina, which projects to anterior tectum. Using 
soluble alkaline phosphatase fusions of ELF-1 and Mek4 
as probes to detect corresponding binding sites, they show 
that the two probes each detect complementary gradients 
of binding activity, with Mek4 detecting binding sites on 
retinal axons and ELF-1 detecting sites in the tectum. The 
existence of matching (opponent) gradients of receptor 
and ligand in presynaptic and postsynaptic ells fits neatly 
with the predictions of the chemoafflnity theory. An inter- 
esting twist is that mRNA for a second closely related 
ELF-1 receptor, Sek, is also expressed in retinal ganglion 
cells but with a uniform distribution across the retina. 
Before RAGS and ELF-1 can be specifically implicated 
in retinal axon guidance, however, it will be necessary to 
show that the axons actually contact these proteins. The 
major site of RAGS mRNA expression is in the deep layers 
of the tectum (with additional expression in an intermedi- 
ate layer), whereas the axons respond to positional cues 
in the most superficial ayer. Drescher et al. (1995) suggest 
that RAGS might be expressed by radial glial cells, whose 
cell bodies are located in deep layers but which span all 
layers of the tectum; this seems plausible, since radial gila 
later transform into ast rocytes (which express AL-1/RAGS) 
and since Johnston and Gooday (1991) found that Xeno- 
pus retinal axons cocultured with tectal cells collapse spe- 
cifically on contact with cells of radial morphology. More 
direct evidence for ELF-1 being accessible to the axons 
was provided by Cheng et al. (1995), who found PI-PLC- 
sensitive Mek4-binding sites (which are likely to include 
ELF-l) distributed throughout all layers of the tectum. 
Multiple Funct ions for Eph Family L igands? 
These studies therefore suggest that Eph family receptors 
and ligands play important roles in establishing topo- 
graphic projections along the anteroposterior axis of the 
tectum, and it is possible that studies of other family mem- 
bers will suggest roles in patterning along the dorsoventral 
axis. The question is, what roles? 
Conveying Postional Information? 
The most optimistic scenario is that gradients of the li- 
gands on the tectum can be decoded by retinal axons to 
reveal their location and help direct them to their topo- 
graphically appropriate targets. In principle, topographic 
projections could be directed by just one ligand gradient 
and one receptor gradient (along each axis); in practice, 
this requires that each axon seek out a specific concentra- 
tion of ligand (determined by its level of receptor expres- 
sion) and that it must tend to grow down-gradient at higher 
concentrations and up-gradient at lower concentrations. A
simpler way to achieve the same end is to use antagonistic 
effects of two gradients along each axis (Gierer, 1987). 
For example, if an axon is exposed to two gradients of 
repellent ligands with opposite slopes (along a single axis), 
it will tend to migrate to a point of minimum repulsion. It 
is relatively straightforward to make axons originating from 
different positions on the retina project to different loca- 
tions along the axis by making their responses to one or 
both repellents dependent on their position of origin. The 
same result can be obtained using similar gradients of two 
ligands with opposite (attractive and repellent) actions or 
of two receptors on each cell mediating opposite re- 
sponses to a single ligand. 
Could RAGS and ELF-1 together control topographic 
projections along the anteroposterior axis? Since they 
have similar distributions, the two factors would have to 
have opposite effects; that is, ELF-1 would have to be an 
attractant. If RAGS repels all axons equally, then ELF-1 
would in addition have to be a stronger attractant for nasal 
than for temporal axons. One might speculate, for in- 
stance, that ELF-I's attractive effect is mediated by the 
uniformly distributed receptor Sek, with the other receptor, 
Mek4, serving to decrease the cells' responsiveness to 
ELF-1 (perhaps by forming heterodimers with its close rel- 
ative Sek). In this model, the nasal-most axons grow to 
posterior-most ectum because their attraction to ELF-1 
exceeds their repulsion by RAGS, the temporal-most ax- 
ons grow to anterior-most tectum because the repulsion by 
RAGS dominates, and other axons project to intermediate 
points determined by the balance of attraction and repul- 
sion. In testing this and other possibilities, experiments 
that are likely to be most informative will involve altering 
the gradients of receptor expression, for example, by gene 
transfer into the developing eye. 
Controlling Axonal Branching? 
If we assume that Eph family ligands do convey positional 
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information, an important question is how the axons act 
on this information. The answer is that different cellular 
responses will likely predominate in different species (Holt 
and Harris, 1993). In amphibians and fishes, retinal axons 
home in on appropriate regions of the target as soon as 
they invade it, so positional information is likely to be read 
directly by the growth cone. In birds and mammals, many 
or even most axons tend instead to overshoot heir targets, 
only later correcting their errors by sending out collateral 
branches in a highly directed manner toward topographi- 
cally appropriate targets and by retracting inappropriate 
branches. Direct evidence for positional influences on 
branching was provided by Roskies and O'Leary (1994), 
who showed that temporal retinal axons in rat branch pref- 
erentially on anterior, not posterior, tectal membranes in 
vitro, owing to the presence of a GPl-linked molecule(s) 
in posterior tectum that inhibits branch formation--per- 
haps an Eph family ligand. 
Guiding through Repulsion? 
One can also imagine a qualitatively distinct function for 
these factors as more conventional guidance cues that 
simply signal particular directions of growth through their 
graded distributions, as has been suggested for diffusible 
axonal attractants and repellents of the netrin and sema- 
phorin families (reviewed by Dodd and Schuchardt, 1995). 
At one extreme, RAGS might even function simply as a 
no-go signal to prevent emporal axons from ever invading 
the posterior ectum; in chicks, many temporal axons grow 
up to the edge of the posterior tectum but do not invade 
it (Nakamura and O'Leary, 1989). Is this type of function 
not contradicted by the graded distribution of the factor? 
Would a step gradient not be expected? Not necessarily. 
Baier and Bonhoeffer (1992) showed that temporal axons 
growing up smooth gradients of posterior tectal mem- 
branes stall when the steepness of the gradient exceeds 
a certain threshold. Importantly, smooth gradients of suffi- 
cient steepness were more effective at halting the axons 
than were step gradients. Thus, even if the only function 
of RAGS were to bar entry into posterior tectum, one might 
expect it to be distributed in a smooth gradient. 
Directing Selective Fasciculation? 
Finally, the finding that AL-1/RAGS can modulate axon 
fasciculation (Winslow et al., 1995) suggests that Eph fam- 
ily ligands might also function to direct the selective fascic- 
ulation of axons with specific axon tracts that has been 
extensively documented in vivo. In the retinotectal system, 
temporal retinal axons prefer to fasciculate with other tem- 
poral retinal axons in vitro (Bonhoeffer and Huf, 1985), an 
effect that appears to involve a repellent/collapse-inducing 
activity on nasal axons (Raper and Grunewald, 1990). 
Some of these potential functions are clearly not the 
unique preserve of the Eph family. Other receptor and 
cytoplasmic tyrosine kinases (and phosphatases) have 
been implicated in axon growth and guidance in both in- 
sects and vertebrates (e.g., Callahan et al., 1995). To the 
extent that ligands for Eph family members are involved 
in guiding growth cones or regulating branch formation, 
they might be considered not so different from neurotroph- 
ins of the nerve growth factor (NGF) family, which are 
also ligands (albeit diffusible ones) for receptor tyrosine 
kinases and which can also guide and regulate the extent 
of branching of axons at their targets (reviewed by Ken- 
nedy and Tessier-Lavigne, 1995). NGF itself has been 
shown to have collapse-inducing activity when added 
acutely to cultured neurons (Griffin and Letourneau, 1980), 
extending the parallel. 
What, then, is special about the Eph family? First, it 
is the only family of receptor tyrosine kinases implicated 
directly in mediating contact-repulsion of axons. Second, 
the fact that the family is very large may provide the diver- 
sity of signals necessary to mediate distinct and specific 
recognition events throughout the nervous system. Third, 
the fact that the ligands are membrane-anchored makes it 
possible for them to be deployed with the spatial resolution 
that is necessary to encode positional information. Finally, 
the discovery of receptors and cognate ligands expressed 
in gradients that are appropriate for conveying positional 
information is unprecedented. Itseems likely that this fam- 
ily will provide one of the long-sought keys to understand- 
ing topographic map formation. No doubt we will know 
before long. 
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